An experimental model of rabies was established in the fruit-eating bat species Artibeus jamaicensis. The infections caused by CVS-N2c and CVS-B2c, which are both stable variants of CVS-24, were compared after inoculation of adult bats in the right masseter muscle. CVS-N2c produced neurologic signs of rabies with paresis, ataxia, and inability to y, while CVS-B2c did not produce neurologic signs. Bats were sacri ced and the distribution of rabies virus antigen was assessed in tissue sections with immunoperoxidase staining. Both viruses spread to the brain stem and bilaterally to the trigeminal ganglia by days 2 to 3. CVS-N2c had disseminated widely in the central nervous system (CNS) by day 4 and had involved the spinal cord, thalamus, cerebellum, and cerebral cortex. CVS-B2c had infected neurons in the spinal cord on day 5 and in the cerebellum, thalamus, and cerebral cortex on day 6. Infected pyramidal neurons of the hippocampus were observed on day 5 in CVS-N2c infection, but infected neurons were never noted in the hippocampus in CVS-B2c infection. CVS-N2c infected many more neurons and more prominently involved neuronal processes than CVS-B2c. CVS-N2c spread more ef ciently in the CNS than CVS-B2c. Morphologic changes of apoptosis or biochemical evidence of DNA fragmentation were not observed in neurons with either virus after this route of inoculation. The different neurovirulent properties of these CVS variants in this model were not related to their in vivo ability to induce apoptosis.
Introduction
Bats are important rabies vectors and they now are responsible for the majority of human cases of rabies in the United States and Canada (Noah et al, 1998; Jackson, 2000; Varughese, 2000) . Our present knowledge of rabies pathogenesis is largely based on studies in experimental animal models, which were most often performed in rodents (Jackson, 1994 (Jackson, , 1997 . Few experimental studies have been performed in bat models of rabies, and the previous studies did not use modern techniques. We have developed an experimental rabies model in adult Artibeus jamaicensis bats (Ortega and Castro-Arellano, 2001 ), because a bat host is a more natural host than rodents such as mice or rats. Natural rabies is known to occur in this species of fruit-eating bat (Price and Everard, 1977) , although it is not known to be an important rabies vector.
RNA virus strains exist as quasispecies because of high mutation rates due to absence of proofreading and repair and postreplicative error correction mechanisms (Domingo et al, 1996) . Two stable rabies virus variants, CVS-N2c (N2c) and CVS-B2c (B2c), have been selected in cell culture from the CVS-24 strain of xed rabies virus, which is a mouse-adapted strain (Morimoto et al, 1998; Morimoto et al, 1999) . The rabies virus glycoprotein of B2c has 10 amino acid substitutions compared with that of N2c (Morimoto et al, 1998) . These virus variants have been observed to have different biological properties: B2c is more pathogenic in suckling mice, expresses higher levels (4X) of rabies virus glycoprotein, transports less rabies virus nucleocapsid protein in neuronal processes, and is a stronger inducer of apoptosis in primary neuron cultures. N2c is more pathogenic for adult mice, expresses lower levels of glycoprotein, and induces less apoptosis in primary neuron cultures (Morimoto et al, 1999) . The ability of these virus variants to induce apoptosis in vivo has not yet been reported. Hence, the relevance of the observations of apoptosis in primary neuron cultures has not yet been established in animals. In this work, a comparative pathogenesis study was performed in bats with these two variants after a peripheral route of inoculation.
Results

Clinical disease
Bats infected with B2c did not demonstrate de nite clinical signs of rabies and there was no mortality. N2c-infected bats developed signs of rabies including leg spasticity and uncoordinated wing movements beginning 4 days p.i. This advanced to ataxia, leg paresis, and inability to y by 7 days p.i. Bats became moribund between 5 and 7 days p.i. 
Rabies virus antigen distribution
On day 2 p.i., rabies virus antigen was identi ed in neurons in the ipsilateral trigeminal ganglia of bats infected with both viruses ( Figure 1A , C), and by day 3 p.i. both variants had spread to the brain stem and bilaterally to the trigeminal ganglia ( Figure 1B ), indicating centrifugal spread from the infected brain stem. More neurons in trigeminal ganglia became infected at later time points ( Figure 1D ). By day 4 p.i., N2c had spread to involve the cerebellum. Infection was present in deep cerebellar nuclei and the Purkinje cell layer and in associated dendritic processes in the molecular layer. B2c did not infect the cerebellum until day 5 p.i. (Figure 2 ). N2c had disseminated widely throughout the central nervous system by day 4 p.i. Infected neurons were found throughout the cerebral cortex, thalamus, caudate/putamen, and spinal cord. Viral antigen had a widespread distribution in the brains of B2c-infected bats 5 days p.i. with many neurons infected; antigen was detected in the cerebral cortex, thalamus, caudate/putamen, and spinal cord. Subsequent cortical and brain stem involvement by B2c was minimal compared to the infection caused by N2c. The intensity of staining and the number of infected neurons continued to increase up to day 7 p.i. in tissues infected with N2c, whereas staining for viral antigen in bats infected with B2c was maximal at day 6 p.i. as determined by the amount and distribution of immunoreactive signal. The amount of viral antigen in tissues at days 8 and 10 p.i. in bats infected with B2c showed a progressive decline in both signal strength and in the number of neurons infected.
Infection with N2c involved a greater number of neurons at all time points beginning 3 days p.i. and more prominently involved neuronal processes than did B2c (Table 1) as determined by a lesser and more variable amount of staining in brain regions affected by B2c. B2c primarily infected neuronal cell bodies, yet N2c more prominently involved both cell bodies and their associated processes in most brain regions (Figure 2A , B).
N2c had extensively involved brain regions throughout the CNS before infection was observed in the hippocampus. No infected hippocampal neurons were observed at any time point with B2c ( Figure 2C ), although pyramidal neurons of the hippocampus were initially noted to be infected on day 5 p.i. for N2c ( Figure 2D ). No infection was noted in the dentate gyrus with either virus. 
Morphologic features
Typical morphologic changes of apoptosis, including condensation of nuclear chromatin and shrinkage of cellular cytoplasm, were not observed in CNS neurons in either N2c-or B2c-infected bats. Infected neurons throughout the CNS appeared morphologically normal (Figure 3 ). However, a few small cells compatible with in ammatory cells were noted with condensed nuclei in B2c-infected bats between days 6 and 10 p.i. in the brain stem, diencephalon, caudate/putamen, and cerebral cortex, and they were present in regions with in ltrations of in ammatory cells. Similar cells were also observed on days 6 and 7 in N2c-infected bats in the same regions. More marked leptomeningeal and perivascular in ammatory in ltrates were observed in bats infected with N2c than with B2c, whereas in ammatory in ltrates in the parenchyma were similar with both viruses in all regions (Table 2) . 
TUNEL staining
Scattered TUNEL-positive cells were observed in B2c-infected bats in the brain stem, diencephalon, caudate/putamen, and cerebral cortex on days 6 to 10 p.i., which corresponded to areas that were in ltrated with many in ammatory cells and contained neurons that stained positive for rabies virus antigen. Similar TUNEL-positive cells were observed in the same regions in N2c-infected bats on days 6 and 7 p.i. Positive TUNEL staining was not observed at earlier time points and was not observed in cell types with de nite neuronal morphology, including hippocampal neurons. Strong TUNEL staining of neurons was observed on positive control slides pretreated with DNase I.
Discussion
Two stable variants of CVS-24-B2c and N2c-have been previously characterized, and N2c was found to be more pathogenic in adult mice (Morimoto et al, 1999) . We have compared the infections of adult bats after inoculation of these viruses in the masseter muscle. After this route of inoculation, clinical neurologic disease was not noted in the B2c-infected bats. In contrast, N2c-infected bats developed severe and progressive neurologic disease, which was associated with widespread infection of neurons in the CNS. After inoculation of the viruses in the masseter muscle, there was rapid spread of both viruses to the brain stem and bilateral trigeminal ganglia, indicating centrifugal spread to the contralateral trigeminal ganglia. Hence, differences in the distribution of these viral infections were not yet apparent at these early time points, suggesting that a fundamentally different mechanism of axonal transport within cranial nerves is unlikely for the two viruses. However, by day 4, N2c had spread widely in the CNS and had involved the cerebral cortex, thalamus, cerebellum, and spinal cord. B2c had infected spinal cord neurons on day 5 and neurons in the cerebral cortex, thalamus, and cerebellum on day 6. Infection of hippocampal neurons, which occurs late after peripheral routes of inoculation in mouse models (Jackson and Reimer, 1989) , was observed on day 5 in N2c infection, but was not noted in B2c infection. In addition, B2c infected a smaller number of neurons than N2c. B2c spread more slowly through the neuroaxis than N2c, which could be explained by less efcient trans-neuronal spread and/or a slower rate of intraneuronal transport, including axonal transport, of B2c than N2c. N2c also induced a more marked inammatory reaction than B2c in the leptomeninges and perivascular regions.
The pathways of viral spread of N2c and B2c in this bat model were similar to the pathways for virulent strain CVS-11 and avirulent variant RV194-2 after inoculation into the masseter muscle of adult mice (Jackson, 1991) . In both models, the virulent viruses (N2c and CVS-11) infected more neurons than the nonvirulent viruses (B2c and RV194-2). The neuroanatomical pathways result in late infection in the hippocampus in both rabies virus (Jackson and Reimer, 1989) and Borna disease virus (Carbone et al, 1987) infections after peripheral routes of inoculation in rodent models. Relatively inef cient spread may result in the absence of hippocampal infection with the nonvirulent viruses, rather than the hippocampus being a critical site of involvement for neurovirulent infections. A fundamental difference between the ndings in the two models was that the avirulent virus (B2c) in the bat model spread through the CNS more slowly than virulent N2c, yet CVS-11 and RV194-2 infected regional areas of the CNS at about the same time (Jackson, 1991) . In both of these models, neurovirulence may relate to the burden of infected neurons in the CNS rather than infection of neurons in speci c sites.
Neuronal apoptosis occurs in the brains of adult (Jackson and Rossiter, 1997a; Theerasurakarn and Ubol, 1998) , suckling (Jackson and Park, 1998) , and neonatal (Theerasurakarn and Ubol, 1998) mice infected with CVS-11 by the intracerebral route, and the apoptosis involves more neurons and more neuronal cell types in suckling mice than in adult mice, including both infected neurons (e.g., neurons in the dentate gyrus of the hippocampus) and uninfected neurons (e.g., external granular layer of the cerebellum) (Jackson and Park, 1998) . The involvement of uninfected neurons suggests that indirect mechanisms must be important in the induction of apoptosis in vivo in these cells. Street rabies virus strains have also been recently reported to be associated with apoptosis (Ubol and Kasisith, 2000) . Apoptosis has also been observed in CNS cells, including spinal cord motor neurons, of mice infected intramuscularly in the hindlimbs with the attenuated Pasteur strain of rabies virus (Galelli et al, 2000) . These mice developed local and irreversible accid paralysis. In contrast, nude mice (lacking T cells) did not develop paralysis or signi cant apoptosis, suggesting that apoptosis in this model is induced by a T cell-dependent immune response.
Because B2c was observed to cause much more severe apoptosis than N2c in primary neuron cultures (Morimoto et al, 1999) , the occurrence and extent of neuronal apoptosis induced by these variants in vivo is of particular interest. Neither of these viruses induced morphologic changes of apoptosis or positive TUNEL staining in neurons after this peripheral route of inoculation, despite infection of many neurons in different regions of the brain. At later time points, probable in ammatory cells showed features of apoptosis based on morphology and TUNEL staining in the infections produced by both viruses. TUNEL staining of in ltrating T cells and microglia/macrophages undergoing apoptosis has previously been demonstrated in experimental allergic encephalomyelitis (Kohji and Matsumoto, 2000; Ray et al, 2000) . Noninfected TUNEL-positive cells were also observed in the vicinity of dying infected neurons in nonfatal paralyzed mice induced by the attenuated Pasteur strain of rabies virus (Galelli et al, 2000) .
In mouse models, we have observed much more neuronal apoptosis after the intracerebral and stereotaxic routes of brain inoculation than after peripheral routes of inoculation (A. C. Jackson, unpublished observations). The different neurovirulent properties of the CVS variants in the present model were clearly not related to their in vivo ability to induce apoptosis. In contrast, we have observed neuronal apoptosis in bats inoculated intracerebrally with CVS-11, which was most prominent in neurons in the diencephalon (C. C. Phelan and A. C. Jackson, unpublished observations) . Hence, virus-induced apoptosis in primary neuron cultures does not necessarily correlate with the occurrence of apoptosis in vivo. Neuronal apoptosis in viral infections in animal models is complex and it may be in uenced by a number of factors, including the age of the host, the viral strain, the route of inoculation, and host defences. Further studies are needed to better understand this phenomenon and also its relevance to natural rabies.
Materials and methods
Viruses
Variants N2c and B2c, previously selected from challenge virus standard (CVS)-24 (Morimoto et al, 1998; Morimoto et al, 1999) were obtained from Bernhard Dietzschold (Thomas Jefferson University, Philadelphia, PA). Viral stocks for N2c and B2c were prepared in mouse neuroblastoma cells (NA) for N2c and in BHK-21 cells for B2c. The titer of N2c was 1:3 £ 10 focus-forming units (FFU)/ml and the titer of B2c was 2:3 £ 10 8 FFU/ml.
Animals and inoculations
Adult Artibeus jamaicensis bats (Granby Zoo, Granby, Quebec) were used. Forty bats were inoculated intramuscularly in the right masseter muscle with 4:0 £ 10 6 FFU of either N2c (7 males and 13 females) or B2c (10 males and 10 females) in a volume of 0.02-0.03 ml. Three uninfected control bats (2 males and 1 female) were mock-infected intramuscularly in the right masseter muscle with PBS with 2% fetal bovine serum.
Preparation of tissue sections
Bats were anaesthetized with methoxy urane and perfused with buffered 4% paraformaldehyde. Brains, spinal cords, and trigeminal ganglia of two to four infected bats for each variant were removed daily on days 2-7 postinoculation (p.i.), and also on days 8 and 10 p.i. for B2c. These samples were xed by immersion in the same xative for 18 h at 4 ± C, dehydrated, and paraf n embedded. Coronal sections of brain, transverse sections of brain stem and spinal cord, and sections of trigeminal ganglia were cut at multiple levels on a microtome (5 ¹m). Tissues for histological examination were stained with cresyl violet.
Immunoperoxidase staining
Tissue sections were stained for rabies virus antigen by the avidin-biotin-peroxidase (ABC) method as previously described (Jackson et al, 1999) . Deparafnized slides were successively reacted with 5% normal rabbit serum, anti-rabies virus monoclonal antibody 5DF12, which is identical to clone HAM with speci city for the rabies virus nucleocapsid protein (Feiden et al, 1988) , diluted 1:160 (obtained from Dr. A. I. Wandeler, Animal Diseases Research Institute, Nepean, Ontario), biotinylated rabbit antimouse IgG diluted 1:100 (Zymed Laboratories, San Francisco, CA), 1% hydrogen peroxide in methanol, avidin-biotinylated horseradish peroxidase complex (Vector Laboratories, Burlingame, CA), 3,3 0 -diaminobenzidine tetrachloride with 0.01% hydrogen peroxide, and 0.5% cupric sulfate in 0.15M sodium chloride. The slides were counterstained with hematoxylin. Tissues from uninfected bats were used as controls and primary antibody was omitted on tissue sections as another control.
DNA nick end labeling of tissue sections (TUNEL staining)
DNA fragmentation was assessed in situ in sections of infected and control animals using the terminal deoxynucleotidyl transferase-mediated dUTPdigoxigenin nick end labeling (TUNEL) method as previously described, including positive control slides pretreated with DNase I (Jackson and Rossiter, 1997b) .
